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HIGHLIGHTS 


•  Combination  of  laser-printing  and  3D  laser  structuring  of  porous  electrodes. 

•  Reduced  electrochemical  degradation  and  improved  cell  kinetic  for  structured  cathodes. 

•  Calendered/structured  cathodes  lead  to  improved  cell  performance  at  1  C  discharge. 
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Porous  LiMn204  thick-film  cathodes  for  Li-ion  microbatteries  are  realized  by  laser-printing.  The  porous 
structure  of  the  printed  composite  cathode  consisting  of  active  powder,  binder,  carbon  black  and  graphite 
enables  ionic  and  electronic  transport  through  50-60  pm  thick  electrodes  due  to  its  high  intrinsic  active 
surface  area.  In  order  to  further  improve  the  cycle  stability  and  capacity  retention  of  the  laser-printed  thick- 
film  cathodes  for  discharging  rates  up  to  1  C,  laser-printed  thick  films  are  first  calendered  in  a  press  and  then 
structured  using  ultrafast  femtosecond-laser  radiation  in  order  to  form  three-dimensional  (3D)  cathode 
architectures.  It  is  shown  that  calendered/laser  structured  cathodes  in  the  form  of  rectangular  3D  grids 
exhibit  discharge  capacity  retention  of  68%  at  a  1  C  rate,  while  calendered  but  unstructured  cathodes  retain 
only  about  45%  of  their  initial  capacity  at  the  same  discharge  rate.  Overall,  the  improved  discharge  capacity 
retention  and  reduced  degradation  during  later  cycles  can  be  attributed  to  the  combination  of  increased 
electrical  contact  with  shortened  Li-ion  pathways. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Lithium  manganese  oxide  (LiMn204)  is  a  promising  cathode 
material  for  Li-ion  batteries  due  to  its  high  theoretical  capacity  of 
148  mAh  g_1  [1],  its  low  cost  and  environmental  friendliness  [2], 
especially  for  applications  requiring  Li-ion  microbatteries  as  in 
micro-electronic  devices  [3  or  micro-electromechanical  systems 
[4].  Besides  conventional  coating  routes  for  active  materials  in  the 
form  of  compact  thin  films  using  radio  frequency  sputtering  [5]  or 
porous  thick  films  by  tape  casting  [6],  LiM^CU  has  also  been  laser- 
printed  for  the  fabrication  of  Li-ion  microbatteries  using  a  laser 
direct  write  (LDW)  technique  [7],  LDW  is  suitable  for  printing  of 
numerous  complex  materials  such  as  single-  or  multi-component 
systems  used  as  electrochemical  materials  [8]  as  well  as  for 
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micromachining  defined  shapes  for  current  collectors  onto  which 
inks  containing  active  battery  materials,  e.g.  lithium  cobalt  oxide 
(LiCoCy,  were  laser-printed  by  LDW  [9].  This  technique  can  be  used 
for  printing  of  thick-film  electrodes  or  even  complete  solid-state 
microbatteries  which  show  improved  electrochemical  properties 
compared  with  those  prepared  by  sputter-deposited  thin-film 
techniques  3].  The  LDW  technique  allows  for  manufacturing  highly 
porous  composite  cathodes  containing  active  particles,  binder,  and 
carbon  black  with  adjustable  thickness  to  overcome  the  limitations 
of  internal  cell  resistance  of  sputtered  thin-film  cathodes. 
Furthermore,  LDW  can  be  combined  with  subsequent  laser  struc¬ 
turing  in  order  to  form  conical  microstructures  for  further  increase 
of  active  surface  area  [10].  In  fact,  three-dimensional  (3D)  micro¬ 
battery  architectures  are  generating  great  interest  since  they  can 
achieve  large  areal  energy  capacities,  while  maintaining  high  po¬ 
wer  densities  [11]. 

Additionally,  laser  structuring  has  been  shown  to  be  a  powerful 
technique  for  stabilizing  the  capacity  retention  of  thin  film 
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electrode  materials  such  as  UC0O2,  tin  oxide  and  LiMn204  by 
increasing  the  active  surface  area  thus  improving  Li-ion  diffusion 
out  of  compact  films  with  thicknesses  of  2—3.5  pm,  as  well  as  for 
building-up  3D  thin  film  cell  designs  [12—16].  Three-dimensional 
conical  microstructures  can  be  generated  in  thin  films  by  direct 
ablation  or  by  a  self-organizing  effect.  For  example,  the  formation  of 
conical  microstructures  has  been  observed  after  laser  irradiation  of 
tape-casted  electrodes  [17].  This  paper  will  discuss  how  to  manu¬ 
facture  3D  cathode  architectures  by  applying  an  ultrafast  laser 
ablation  process  on  laser-printed  electrodes.  The  results  for  several 
arrangements  of  laser-printed  LiMn204  thick-film  cathodes  such  as 
calendered,  laser  structured  and  calendered/structured  films  will 
be  presented  and  compared  to  untreated  films.  Calendering  of 
laser-printed  films  was  investigated  due  to  the  fact  that  calendering 
techniques  are  usually  applied  for  tape-casted  and  slurry-based 
electrodes  in  lithium-ion  batteries  leading  in  general  to  an 
enhancement  of  power  density  and  film  adhesion  as  well  as 
allowing  control  of  intrinsic  porosity.  Subsequent  processing  into 
3D  grid  microstructures  via  femtosecond  (fs)-laser  structuring 
further  increased  the  active  surface  of  the  cathodes  without 
compromising  their  electrical  contact.  The  impact  of  these  modi¬ 
fications  and  their  combinations  on  the  electrochemical  behaviour 
will  be  analysed.  Finally,  the  findings  within  these  investigations 
will  help  determine  optimized  processing  conditions  for  combi¬ 
nation  of  laser-printing  and  ultrafast  laser  structuring  of  porous 
multi-material  compositions  for  development  of  long  life-time  3D 
microbatteries. 

2.  Experimental 

2.1.  LiMri204  cathode  material 

The  cathode  ink  was  prepared  by  mixing  90  wt.%  LiMn204 
(Aldrich),  4  wt.%  graphite  (KS6,  Timcal)  and  2  wt.%  carbon  black 
(Super  P,  Erachem)  in  a  solution  of  4  wt.%  PVDF-FIFP  (Kynar  2801,  Elf 
Atochem)  in  dibasic  ester  (DBE,  Du  Pont)  solvent.  The  cathode  inks 
were  laser-printed  onto  50  pm  thick  aluminium  (Al)  current  col¬ 
lectors.  In  the  electrode  formulation,  the  graphite  (KS6)  was  added 
to  improve  the  electric  conductivity  and  the  carbon  black  (Super  P) 
was  added  to  increase  porosity  in  the  electrode  films.  The  PVDF- 
FIFP  was  used  as  a  binder  to  hold  the  electrode  films  onto  current 
collectors.  The  DBE  was  selected  because  it  is  a  good  solvent  for 
PVDF  binder  and  its  boiling  temperature  is  relatively  high 
( —  210  °C)  [3]. 

2.2.  Laser-printing  process 

The  laser-printing  process  used  in  this  work  has  been  described 
in  detail  elsewhere  [3].  Briefly,  a  small  amount  of  ink  formulation 
was  uniformly  spread  using  a  wire  coater  (#5,  Garner)  onto  a  7.5  cm 
diameter  UV  transparent  quartz  wafer  (this  ink-coated  wafer  is  also 
referred  to  as  the  ribbon).  A  vacuum  chuck  on  top  of  the  X-Y  stages 
was  used  to  secure  both  the  substrate  and  ribbon.  For  the  laser¬ 
printing  of  the  cathode  ink,  a  frequency- tripled  Nd:YV04  (JDSU, 
Q301-HD)  pulsed  laser  (A  =  355  nm,  30  ns  FWFIM)  operating  at 
30  kFIz  was  employed  to  irradiate  ink  materials  from  the  ribbon.  The 
energy  of  the  laser  pulse  was  controlled  with  an  acousto-optic 
modulator  inserted  into  the  beam  path.  For  fast  printing  process  a 
beam  scanning  system  was  used.  In  this  arrangement  the  Al  sub¬ 
strate  was  fixed,  while  the  laser  beam  was  displaced  in  a  raster 
pattern  with  a  galvo  scanner  (SCANLAB,  intelliSCAN  10).  The  laser 
fluence  is  maintained  at  ~  50  mj  cm-2,  while  the  number  of  transfer 
passes  is  varied  to  control  the  transferred  film  thickness.  Once  laser- 
printed,  the  electrodes  were  dried  in  a  vacuum  oven  at  120  °C  for 
24  h  in  order  to  remove  the  DBE  solvent  and  any  absorbed  water. 


2.3.  Laser  structuring  process 

Microstructures  were  formed  in  laser-printed  LiMn204  thick 
films  by  using  fs-laser  radiation.  Laser  structuring  was  performed 
using  a  micromachining  workstation  (PS450-TO,  Optec,  Belgium) 
equipped  with  a  tunable  fiber  laser  (Tangerine,  Amplitude  Sys- 
temes,  France)  with  an  average  power  of  20  W  and  a  maximum 
pulse  energy  of  100  pj  at  1030  nm  (TEM0o  with  M2  <  1.3),  a  variable 
pulse  repetition  rate  of  up  to  2  MHz  and  tunable  laser  pulse  dura¬ 
tion  from  330  fs  up  to  10  ps.  Second  harmonic  (SHG)  and  third 
harmonic  generation  (THG)  efficiency  was  specified  to  be  >40%  and 
>15%  at  200  kHz,  respectively  (Fig.  1). 

The  structuring  process  was  performed  for  all  samples  applying  a 
laser  wavelength  of  515  nm,  a  repetition  rate  of  200  kHz,  a  laser 
power  of  25  mW  at  the  sample  surface  and  a  pulse  duration  of  about 
350  fs.  Furthermore,  the  structuring  process  was  carried  out  under 
ambient  air,  and  the  ablated  material  was  removed  by  an  exhaust. 

By  applying  a  power  of  P  =  25  mW  and  a  repetition  rate  of 
/=  200  kHz,  the  pulse  energy  was  calculated  to  be  Fp  =  0.125  pj.  This 
equals  a  pulse  peak  power  of  Pp  =  3.57  x  105  W  and  an  intensity  of 
/  =  5.6  x  1010  W  cm-2  being  available  for  ablating  the  composite 
material.  The  laser  pulse  overlap  Ax  was  determined  to  be  Ax  =  0.5  pm 
resulting  in  ~  57  laser  pulses  per  irradiated  area.  For  patterning  of  an 
area  of  1.131  cm2,  the  laser  beam  was  scanned  over  the  sample  surface 
using  a  Rhothor™  Laser  Deflection  Systems  scan  head  (Newson  En¬ 
gineering  BV).  The  structuring  process  was  performed  by  scanning  the 
laser  beam  along  each  line  twice  for  un-calendered  films  and  four 
times  for  calendered  films  as  indicated  in  Fig.  2.  The  scanning  velocity 
was  set  to  v  =  100  mm  s-1  for  all  experiments. 

2.4.  Calendering  process 

Laser-printed  thick-film  cathodes  were  optionally  pressed 
before  the  structuring  process  in  order  to  achieve  uniform  film 
thickness  over  the  substrate  area  and  improved  electrical  contact  of 
LiMn204  particles  to  the  Al  substrate.  A  compact  hot  rolling  press 
(Precision  4"  Hot  Rolling  Press/Calender,  MTI  Corporation,  USA) 
equipped  with  heatable  rolls  (100  mm  diameter,  100  mm  width) 
was  used  with  adjustable  roller  distance  ranging  from  0  mm  to 
1.2  mm  and  adjustable  rolling  speed  ranging  from  0  mm  s-1  to 
40  mm  s-1.  Laser-printed  thick  films  were  calendered  in  order  to 
achieve  overall  film  thickness  of  about  100  pm  including  thickness 
of  the  film  and  Al  substrate.  For  each  sample  and  roller  distance,  the 
calendering  process  was  repeated  up  to  five  times  to  counter 
thickness  relaxation  of  the  composite  electrode  after  passing  the 
rollers.  The  rolling  speed  was  set  to  8  mm  s-1  and  the  roller  tem¬ 
perature  was  maintained  at  53  °C. 

2.5.  Electrochemical  characterization 


Laser-printed,  calendered,  and  laser  structured  LiMn204  thick 
films  were  electrochemically  tested  using  a  Swagelok®  cell  design. 


Fig.  1.  A  schematic  diagram  of  the  laser  micromachining  system. 


118 


J.  Proll  et  al.  /  Journal  of  Power  Sources  255  (2014)  116-124 


012  mm 


Fig.  2.  Schematic  diagram  of  a  laser-printed  and  laser  structured  LiMn204  thick  film 
for  achieving  3D  grid  microstructures. 

The  basic  set-up  of  the  test  cell  is  described  elsewhere  [10]. 
Swagelok®  cells  were  assembled  for  both  galvanostatic  and  cyclic 
voltammetric  (CV)  measurements  in  an  argon-filled  glove  box 
(LABmaster  sp,  M.  Braun  Inertgas-Systeme  GmbH)  with 
H2O  <  0.1  ppm  and  O2  <  0.1  ppm.  Metallic  lithium  foil  was  used  as 
counter  electrode.  The  electrolyte  was  LP30  (Merck  AG)  consisting 
of  a  mixture  of  ethylene  carbonate  and  dimethyl  carbonate  (EC/ 
DMC  1:1)  with  1  M  lithium  hexafluorophosphate  (1  M  LiPF6)  con¬ 
ducting  salt.  The  amount  of  electrolyte  used  for  one  cell  was  100  pi. 
The  separator  was  a  glass  microfibre  with  a  thickness  of  260  pm 
(GF/A  filter,  Whatman  company).  CV  and  galvanostatic  testing  were 
performed  using  an  Arbin  Instruments  BT2000  battery  cycler. 
Electrochemical  priming  was  carried  out  for  three  cycles  by  CV 
measurements  in  a  voltage  window  of  3.0-4.3  V  and  a  constant 
0.02  mV  s”1  scan  rate  resulting  in  charging  and  discharging  times  of 
about  18  h  for  each  half-cycle.  The  available  capacity  was  measured 
out  of  the  3rd  CV  cycle  and  was  used  for  C-rate  calculation  for 
further  galvanostatic  testing  in  the  voltage  window  of  3. 0-4.2  V. 
The  galvanostatic  testing  procedure  was  as  follows  (Table  1): 
Charging  and  discharging  with  C/10  for  five  cycles,  charging  and 
discharging  for  10  cycles  with  C/5,  charging  with  C/5  and  dis¬ 
charging  with  C/2  or  1  C,  each  for  10  cycles.  Irreversible  capacity 
loss  was  measured  by  reducing  the  charging  and  discharging  rate  to 
C/5  for  further  10  cycles. 

After  galvanostatic  cycling,  the  electrochemical  reversibility  of 
untreated,  calendered,  structured  and  calendered/structured 
LiMn204  thick  films  was  investigated  by  CV  scans  in  the  voltage 
range  of  3. 0-4.3  V,  while  the  0.02  mV  s-1  scan  rate  was  fixed  for 
three  cycles  and  then  continuously  enhanced  by  0.02  mV  s-1  per 
cycle  up  to  0.22  mV  s-1. 

3.  Results  and  discussion 

Within  this  section,  the  experimental  results  for  post-treatment 
of  laser-printed  LiM^CH  thick  films  are  presented.  Fig.  3  illustrates 
the  various  battery  arrangements  and  corresponding  processing 
procedure  for  each  film/treatment  combination  and  electro¬ 
chemical  testing  protocol  in  the  form  of  a  flow-chart. 

In  a  first  step,  laser-printed  (untreated)  and  various  types  of 
modified  thick  films  (calendered,  laser  structured  and  calendered/ 


Table  1 

Galvanostatic  testing  procedure  for  Swagelok®  cells  with  untreated  and  laser 
modified  LiMn204  thick  films. 


C-rate  (charge) 

C/10 

C/5 

C/5 

C/5 

C/5 

C-rate  (discharge) 

C/10 

C/5 

C/2 

1  C 

C/5 

Cycle  number 

5 

10 

10 

10 

10 

structured)  were  electrochemically  cycled  using  the  cyclic  vol¬ 
tammetry  method  (Fig.  3).  In  a  second  step,  galvanostatic  C-rate 
testing  was  applied  for  evaluating  the  high  C-rate  behaviour  and 
coulomb  efficiency  for  each  battery  arrangement.  Finally,  cyclic 
voltammetry  measurements  were  performed  using  variable  scan 
rate  for  testing  reversible  extraction  and  insertion  processes  of  Li- 
ions  for  each  battery  arrangement  after  C-rate  variation. 

3.1.  Laser-printed  LiMn204  thick  films 

Fig.  4  shows  SEM  images  from  the  top-view  of  a  typical  laser- 
printed  LiMn204  cathode  film.  The  LiMn204  particle  size  is  esti¬ 
mated  to  be  in  the  range  of  500  nm  to  3  pm  (Fig.  4,  b).  As  shown  by 
the  SEM  micrographs,  the  LiMn204  particles  are  interconnected 
(Fig.  4,  a)  and  carbon  black/graphite  and  binder  coat  the  particles 
homogeneously  (Fig.  4,  b)  for  electrical  contact  through  the  cathode 
film  while  the  particles  embedded  into  the  binder  matrix  form  a 
flexible  and  mechanically  reinforced  cathode  film.  Laser-printed 
LiMn204  thick  films  of  this  type  were  used  for  subsequent  modi¬ 
fication  such  as  calendering,  laser  structuring  or  combination  of 
both  techniques  as  described  in  Fig.  3. 

3.2.  Laser  structured  LiMn204  thick  films 

The  microstructures  formed  after  fs-laser  structuring  for  un¬ 
calendered  and  calendered  LiM^CU  thick  films  are  shown  in 
Fig.  5.  Three-dimensional  grid  microstructures  could  be  achieved 
by  laser  ablation  using  the  laser  scanning  strategy  shown  in  Fig.  2 
for  both  un-calendered  and  calendered  LiMn204  thick  films. 
Laser  structuring  of  un-calendered  and  calendered  cathodes 
corresponds  to  the  modified  films  described  in  terms  of  “laser 
structured”  and  “calendered/structured”  within  Fig.  3.  The  mass 
loss  after  structuring  including  active  material,  carbon  black, 
graphite  and  binder  was  measured  to  be  13-15  wt.%  for  un- 
calendered  and  16—17  wt.%  for  calendered  thick  films.  Differ¬ 
ences  in  mass  loss  between  un-calendered  and  calendered  films 
were  found  in  the  laser  process  and  the  texture  of  the  composite 
cathode  itself  before  and  after  calendering  was  evaluated.  After 
the  calendering  process,  the  LiM^CH  particles  become  further 
mechanically  attached  by  the  binder  matrix  compared  to  parti¬ 
cles  in  an  un-calendered  film.  The  laser  scanning  strategy  was 
performed  four  times  for  calendered  films  and  two  times  for  un- 
calendered  films  for  achieving  material  removal  down  to  the 
substrate.  Vaporization  of  the  binder  matrix  can  successfully 
support  the  ablation  process  as  was  reported  by  Slocombe  et  al. 
[18,19]  for  ablation  of  metal/polymer  composites,  and  this  effect 
is  more  substantial  for  un-calendered  films  resulting  in  higher 
ablation  rates.  By  taking  into  account  the  laser  pulse  overlap  of 
Ax  =  0.5  pm,  the  theoretical  focus  diameter  of  about  28.4  pm  as 
well  as  the  number  of  repetitions  of  the  scanning  procedure,  the 
composite  material  could  be  ablated  down  to  the  substrate  using 
—  114  laser  pulses  per  irradiated  area  for  an  un-calendered  film 
and  -228  laser  pulses  for  a  calendered  cathode  film.  With 
respect  to  a  film  thickness  of  about  60  pm  for  an  un-calendered 
film,  the  mean  ablation  rate  per  pulse  could  be  calculated  to  be 
-0.52  pm  per  pulse.  The  ablation  rate  for  a  calendered  cathode 
with  film  thickness  of  about  50  pm  is  -0.22  pm  per  pulse, 
indicating  that  the  ablation  efficiency  is  enhanced  for  an  un- 
calendered  cathode  film. 

Nevertheless,  calendering  is  necessary  for  further  improvement 
of  electrical  contact  as  well  as  for  achieving  homogeneous  film 
thickness.  To  further  understand  the  impact  of  calendering  and  3D 
grids  on  the  electrochemical  behaviour  of  laser-printed  LiM^CU 
thick  films,  a  schematic  of  the  3D  structures  was  developed  for  an 
un-calendered  and  structured  film  (Fig.  6,  b)  by  extracting  data 
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Fig.  3.  Flow-chart  demonstrating  the  procedure  for  experimental  investigations  of  laser-printed  LiMn204  thick  films:  modification  of  laser-printed  films,  electrochemical  priming  by 
CV  formation,  galvanostatic  testing  and  CV  cycling  for  reversibility  tests. 


Fig.  4.  Top-view  SEM  images  of  laser-printed  LiMn204  thick  films  before  calendering  showing  interconnected  LiMn204  particles  (a)  and  active  particle  coating  with  carbon  black/ 
binder  (b). 


Fig.  5.  SEM  images  of  laser-printed  and  laser  structured  LiMn204  cathodes.  The  dotted  line  indicates  exemplarily  the  scan  path  for  white  light  profilometry  measurement  shown  in 

Fig.  6. 
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a) 


b) 


Fig.  6.  White  light  profilometry  data  (a)  and  schematic  diagram  of  an  array  of  laser  manufactured  LiMn204  microstructures  in  un-calendered  films  (b)  with  aspect  ratio  of  channel 
structures  of  about  4. 


from  white  light  profilometry  measurements  (Fig.  6,  a)  over  the 
measuring  path  indicated  by  a  dotted  line  in  Fig.  5. 

These  data  indicate  that  a  single  microstructure  has  a  width  of 
about  35  pm  and  that  the  composite  material  could  be  ablated 
almost  down  to  the  Al  substrate,  while  the  channel  width  remained 
about  15  pm  (Fig.  6).  Laser-printed  electrode  structures  allow 
multiple  and  shorter  Li-ion  diffusion  paths,  especially  out  of  the 
bulk  material,  by  allowing  the  particles  in  deeper  film  layers  to 
make  direct  contact  with  the  liquid  electrolyte  due  to  the  inherent 
porosity  of  the  layers  [3]  (Fig.  6).  For  laser  structured  electrodes,  the 
electrolyte  distribution  is  much  more  uniform  and  in  addition  to 
pores  on  nm-  and  pm-scale,  laser-induced  pores  on  pm-scale 
enable  the  bulk  material  to  be  well  wetted  (Fig.  6).  A  cross-sectional 
scheme  of  how  the  electrolyte  distribution  is  influenced  by  a  3  D 
topography,  e.g.  for  lithium  manganese  oxide  thin  films,  is 
described  elsewhere  [20]. 

3.3.  Electrochemical  formation  of  laser  treated  LiMn204  thick  films 

Laser-printed  (untreated),  calendered,  structured  and  calen¬ 
dered/structured  thick  films  (Fig.  3)  featured  different  active 
masses  mactive  due  to  variations  in  the  overall  thickness  of  the 
electrodes. 

The  initial  conditioning  process  for  all  Li-ion  cells  was  carried 
out  using  CV  measurements  (Fig.  7).  The  0.02  mV  s  1  scan  rate  was 
used  for  all  experiments  and  equals  a  charging  and  discharging 
time  of  about  18  h  for  each  half-cycle.  This  was  estimated  to  be  slow 
enough  for  the  conditioning  process  and  initial  growth  of  the  solid 
electrolyte  interphase  (SEI).  The  oxidation  processes  of  manganese 
ions  take  place  in  the  4  V  region  indicated  by  two  current  peaks  at 
voltages  of  4.01  -4.05  V  and  4.14-4.18  V,  respectively.  These  ob¬ 
servations  are  in  good  agreement  with  the  data  reported  in  the 
literature  [21-23]  indicating  the  two-step  Li-ion  extraction  from 
the  cubic  host.  The  reduction  processes  were  observed  to  occur  at 
4.07^4.1  V  and  3.95-3.98  V  while  Li-ions  are  reinserted  into  the 
cubic  lattice  during  discharge  of  the  cell.  Using  CV,  the  experi¬ 
mentally  available  capacity  was  measured  and  used  for  calculation 
of  the  currents  for  further  C-rate  cycling.  It  was  found  that  the 
discharge  capacities  differ  as  a  result  of  differences  in  active  mass. 
In  addition,  the  structured  cathode  exhibited  a  capacity  of 
40.0  pAh  mg-1  (mactive  =  5.01  mg)  for  the  third  discharge  cycle 
which  is  obviously  below  the  capacity  value  of  67.4  pAh  mg-1 
measured  for  a  calendered  cathode  with  comparable  active  mass  of 
^active  =  5.22  mg  (Fig.  7).  The  differences  in  capacity  values  may  be 
attributed  to  improved  particle  contact  for  the  calendered  films. 
Furthermore,  the  increase  in  effective  surface  for  a  laser  structured 


cathode  may  promote  the  amount  of  SEI  formation  which  is 
accompanied  by  the  consumption  of  Li-ions.  Advantages  of 
combining  the  calendering  and  the  structuring  process  can  be 
estimated  from  the  formation  cycle  for  a  calendered/structured 
film  (Fig.  7).  Even  at  slow  scan  rates,  the  peak  currents  of  approx¬ 
imately  115-130  pA  for  oxidation  and  90-115  pA  for  reduction 
processes  are  much  higher  than  the  peak  currents  obtained  for 
simply  calendered  (oxidation:  70-100  pA,  reduction:  60-70  pA)  or 
structured  films  (oxidation:  60-75  pA,  reduction:  50-55  pA)  with 
even  higher  active  mass.  Finally,  the  redox  couples  of  calendered/ 
structured  cathodes  are  sharp  and  well  separated  indicating  that 
the  charge  transfer  during  discharge  is  nearly  completed  around 
3.7  V,  while  all  other  cathodes  show  reduction  reactions  and, 
therefore,  charge  transfer  even  below  3.7  V. 

3.4.  C-rate  testing  of  laser  modified  LiMn204  thick  films 

The  laser-printed  (untreated),  calendered,  laser  structured  and 
calendered/laser  structured  LiMn204  thick  films  were  electro- 
chemically  tested  by  the  galvanostatic  method  (Fig.  3)  after 
applying  the  conditioning  procedure  previously  described  (Fig.  7). 
The  discharge  capacities  were  normalized  for  a  C/10  discharging 
rate  for  evaluating  the  capacity  drop  of  different  battery  arrange¬ 
ments,  especially  at  1  C  discharging  rate  (Fig.  8). 

Calendered  as  well  as  untreated  thick  films  show  slightly  higher 
capacity  within  the  first  five  cycles  at  C/10  than  structured  or 
calendered/structured  films.  This  may  be  due  to  the  fact  that  the 
increased  skin  surface  of  laser-generated  3D  structures  enhances 
the  reaction  area  of  particles  with  liquid  electrolyte  resulting  in  Li- 
ion  consumption  through  SEI  formation.  This  formation  is  known 
for  LiMn204  to  be  a  continuous  process  [24].  On  further  cycling,  the 
C-rate  was  continuously  enhanced  up  to  1  C  discharging  rate  while 
the  charging  rate  was  set  to  be  constant  at  C/5  (Fig.  8).  Calendered 
thick  films  exhibited  the  lowest  capacity  retention,  especially  at  1  C 
discharging  rate,  compared  to  all  other  films.  This  clearly  demon¬ 
strates  that  besides  improved  electrical  contact  through  calen¬ 
dering,  a  proper  amount  of  pores  filled  by  liquid  electrolyte  is 
necessary  for  high  C-rate  cycling  while  particles  in  compacted 
composite  films  may  have  their  contact  with  the  electrolyte 
diminished  due  to  their  reduced  intrinsic  porosity.  Zheng  et  al.  [25] 
investigated  that  the  calendering  process  affects  the  porosity  value 
of  thick  films.  The  capacity  value  can  decrease  with  reduced 
porosity  due  to  the  fact  that  the  specific  area  is  lowered,  hindering 
the  lithium-ion  migration  [25].  Untreated  films  show  slightly 
higher  discharge  capacity  than  structured  films  for  a  C/5  (77% 
versus  72%)  and  C/2  rate  (67%  versus  62%),  while  the  irreversible 
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Fig.  7.  Cyclic  voltammograms  obtained  at  3rd  scan  for  laser-printed  (untreated),  calendered,  laser  structured  and  calendered/structured  LiMn204  thick-film  electrodes.  The  scan  rate 
was  set  to  0.02  mV  s-1. 


capacity  loss  is  about  40%  for  structured  and  30%  for  untreated  films 
when  reducing  the  discharging  rate  to  C/5  after  35  cycles  (Fig.  8). 
The  most  stable  cycling  behaviour  was  observed  from  the  calen¬ 
dered/structured  films  for  all  C-rates  (C/10  excluded)  due  to  the  fact 
that  the  calendered/structured  films  provide  both  improved  elec¬ 
trical  contact  through  calendering  and  high  porosity  through  laser¬ 
generated  3D  microstructures.  The  capacity  loss  for  the  calendered/ 
structured  cathodes  counts  30-33%  at  1  C  discharge  rate,  while  all 
other  samples  show  capacity  loss  of  about  48-55%  at  the  same 
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Fig.  8.  Normalized  discharge  capacities  for  laser-printed  (untreated),  calendered,  laser 
structured  and  calendered/laser  structured  LiMn204  thick-film  electrodes.  The 
charging  and  discharging  procedures  are  listed. 


discharging  rate.  Furthermore,  calendered/structured  films  exhibit 
an  irreversible  capacity  loss  of  about  26.4%  at  a  C/5  rate  (compared 
to  the  1st  discharge)  and  may  be,  therefore,  promising  for  long¬ 
term  cycling  at  high  C-rates.  The  capacity  values  [%]  for  discharge 
are  summarized  in  Table  2.  It  is  obvious  that  calendered/structured 
LiMn204  films  exhibit  the  best  high  C-rate  performance  followed  by 
untreated  films. 

Calendering  of  laser-printed  LiM^CU  films  seems  counterpro¬ 
ductive  due  to  the  fact  that  porosity  may  be  reduced  to  a  value  at 
which  the  electrode  cannot  soak  the  electrolyte  properly  [25] 
leading  to  54.8%  capacity  loss  after  35  cycles  (Table  2).  With 
respect  to  the  presented  results  from  CV  formation  cycles  (Fig.  7) 


Table  2 

Normalized  discharge  capacity  values  [%]  after  5, 15,  25,  35  and  45  cycles,  capacity 
loss  [%]  at  C/2  (25th  cycle)  and  1C  (35th  cycle)  testing  as  well  as  irreversible  capacity 
loss  [%]  after  45  cycles  for  laser-printed  (untreated)  and  subsequent  modified 
(calendered/structured,  structured,  calendered)  LiMn204  thick  films. 


Cycle  number 

Calendered/structured 

Untreated 

Structured 

Calendered 

Normalized  discharge  capacity  [%] 

5 

93.7 

98.1 

92.8 

99.6 

15 

80.9 

76.4 

69.4 

68.9 

25 

74.4 

67.1 

60.5 

58.5 

35 

67.6 

52 

51.3 

45.2 

45 

73.6 

68.6 

60.9 

63.2 

Capacity  loss  [%]  compared  to  1st  cycle 

25 

25.6 

32.9 

39.5 

41.5 

35 

32.4 

48 

48.7 

54.8 

Irreversible  capacity  [%]  loss  compared  to  15th  cycle 

45 

9 

10.2 

12.2 

8.3 
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and  galvanostatic  testing  (Fig.  8),  the  combination  of  calendering 
and  laser  structuring  contributes  to  the  improvement  in  cycling 
performance. 

3.5.  Cell  kinetics  of  cycled  LiMn204  thick  films 

In  order  to  investigate  the  cell  kinetics  and  reversibility  after 
galvanostatic  testing,  cycled  LiMn204  cathodes  were  further  tested 
by  means  of  CV  measurements.  Therefore,  the  scan  rate  was 
enhanced  from  cycle  to  cycle  which  resulted  in  a  steady  increase  in 
peak  current  Jp  (Fig.  9).  The  peak  current  Jp  was  plotted  versus  the 
square  root  of  the  scan  rate  v112  which  is  also  known  as  the  Ran¬ 
dles— Sevcik  presentation  where  Jp  —  vx^2  [26].  Hence,  a  linear  in¬ 
crease  of  peak  current  with  enhanced  scan  rate  could  be  observed 
for  both  anodic  and  cathodic  reactions  (Fig.  9). 

The  plotted  peak  currents  for  oxidation  and  reduction  reactions 
in  Fig.  9  are  characterised  and  defined  in  Fig.  7.  Furthermore,  it 
should  be  pointed  out  that  the  highest  peak  currents  of  oxidation 
and  reduction  reactions  were  determined  for  untreated  and  calen¬ 
dered/structured  cathodes  which  are  in  the  same  order  of  magni¬ 
tude.  Peak  currents  of  up  to  400  pA  were  observed  for  cells  with 
calendered/structured  cathodes  exhibiting  nearly  half  of  active  mass 
compared  to  untreated  cathodes.  The  peak  currents  were,  moreover, 
nearly  doubled  for  calendered/structured  films  in  comparison  to 
simply  calendered  or  structured  films  while  the  active  mass  was  in 
the  same  order  of  magnitude.  This  clearly  demonstrates  the  ad¬ 
vantages  of  combining  the  processes  of  calendering  and  laser 
structuring  for  improved  Li-ion  diffusion  properties  inside  the  cell 
and  can  be  explained  by  the  laser-induced  increase  in  skin  surface 
and  the  model  given  in  Fig.  6.  In  order  to  compare  reversibility  of 
untreated  as  well  as  calendered/structured  films,  the  position  of  cell 
voltage  is  plotted  versus  scan  rate  (Fig.  10).  Obviously,  the  voltage 


positions  for  oxidation  and  reduction  processes  shifted  to  higher 
and  lower  values  for  an  untreated  film  compared  to  a  calendered/ 
structured  film  which  implicates  stronger  divergence  of  redox 
couples  and,  therefore,  less  high  C-rate  stability.  The  voltage  values 
of  the  peak  currents  for  the  second  oxidation  peaks  shifted  to  values 
above  4.3  V  for  an  untreated  film  and,  hence,  it  was  impossible  to 
detect  voltage  positions  corresponding  to  a  peak  current  at  scan 
rates  >0.14  mV  s-1.  This  implies  that  laser  modified  films  show  cell 
operation  in  a  proper  voltage  window  which  can  be  maintained 
even  at  higher  charging  and  discharging  rates. 

Furthermore,  the  voltage  positions  U  of  peak  currents  for  both 
redox  couples  did  not  change  at  0.02  mV  s-1  scan  rate  before  and  after 
galvanostatic  testing  for  all  films.  However,  the  peak  current  decreased 
after  decreasing  the  C-rate  again  to  C/5  in  all  cases  examined,  indi¬ 
cating  irreversible  capacity  loss  as  shown  in  Fig.  8.  Evidence  for 
improved  cell  kinetics  at  1  C  discharging  rate  of  calendered/structured 
cathodes  was  obtained  by  plotting  the  coulomb  efficiency  [27]  versus 
the  cycle  number  for  all  samples  (Fig.  11).  This  plot  indicates  that  the 
structuring  process  is  beneficial  for  high  C-rate  cycling  of  laser-printed 
and  calendered  thick  films  due  to  a  small  irreversible  capacity  loss. 
While  structured  and  calendered/structured  cathodes  indicate  the 
highest  coulomb  efficiencies,  the  efficiency  of  the  calendered  film  is 
below  the  values  for  untreated  and  structured  films. 

A  summary  of  the  results  obtained  with  the  four  types  of 
LiMn204  films  under  the  various  electrochemical  tests  performed 
can  be  found  in  Fig.  12.  The  results  obtained  from  CV  formation 
from  the  3rd  cycle,  the  capacity  loss  at  the  35th  cycle,  and  the 
coulomb  efficiencies  for  the  35th  cycle  (1  C  rate)  are  listed  for  all 
battery  arrangements.  Calendered  films  exhibited  the  worst 
coulomb  efficiency  value  of  all  battery  arrangements  which  is  in 
good  agreement  with  the  observations  obtained  by  the  capacity 
retention  values  presented  in  Fig.  8. 


Fig.  9.  Peak  current  /p  vs.  the  square  root  of  the  scan  rate  v 1/2  for  untreated,  calendered,  structured  and  calendered/structured  LiMn204  thick  films. 
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Fig.  10.  Ceil  voltage  position  U  of  peak  currents  for  oxidation  (left)  and  reduction  processes  (right)  vs.  the  scan  rate  v  for  untreated  and  calendered/structured  LiMn204  thick  films. 
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Fig.  11.  Coulomb  efficiency  for  untreated,  structured,  calendered  as  well  as  calendered/ 
structured  films  for  ten  cycles  at  C/5  charging  and  1C  discharging  rate. 

Regarding  the  coulomb  efficiency,  calendered/structured  films 
performed  best  followed  by  laser  structured,  untreated  and  calen¬ 
dered  films  (Fig.  12).  Calendered  cathode  films  exhibited  the  overall 
worst  performance,  which  was  found  to  be  due  to  closure  of  pores 


which  must  be  filled  with  electrolyte.  Laser  structured  cathodes 
showed  good  coulomb  efficiency  due  to  increased  porosity  and 
more  efficient  Li-ion  diffusion  pathways.  Nevertheless,  the  low 
peak  currents  during  CV  cycling  indicated  lowered  electron  flow 
compared  to  calendered  films. 

4.  Conclusions 

LiMn204  composite  material  was  laser-printed  onto  flexible  Al 
substrates  for  realizing  porous  thick-film  cathodes  with  thickness  of 
60  pm.  The  laser-printed  cathode  films  were  calendered  and/or  laser 
structured  in  order  to  manufacture  3D  microstructures  with 
improved  electrical  contact  to  the  Al  substrate  and  to  improve  the 
electrolyte  wetting  behaviour.  The  laser  structuring  process  resulted 
in  3D  grid  microstructures  with  an  aspect  ratio  of  about  ~  1.7  and 
therefore,  increased  skin  surface  for  enhanced  Li-ion  diffusion  ki¬ 
netics  as  was  observed  by  CV  and  galvanostatic  testing.  Untreated 
and  calendered/structured  films  indicated  the  highest  peak  currents 
through  electrochemical  priming  by  CV  while  the  peak  currents 
were  lower  for  both  calendered  or  laser  structured  films  with 
comparable  amount  of  active  mass.  Furthermore,  galvanostatic 
testing  revealed  that  the  calendered/structured  cathodes  retained 
about  70%  of  their  initial  discharge  capacity  at  a  1  C  rate.  Therefore, 
the  high  C-rate  performance  could  be  improved  by  an  array  of  3D 


Fig.  12.  Flow-chart  summarizing  the  experimental  procedure,  key  results  and  the  overall  performance  for  the  laser-printed/laser  structured  LiMn204  thick  films. 
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grid  rectangular  structures  in  combination  with  pre-calendering 
compared  to  untreated,  calendered  or  laser  structured  films.  Elec¬ 
trochemical  cycling  of  the  calendered/structured  cathode  exhibited 
less  degradation  as  was  found  by  reducing  the  C-rate  from  1  C  to  C/5 
as  well  as  by  post-cycling  using  CV  with  variable  scan  rates.  This 
improvement  resulted  from  a  combination  of  increased  electrical 
contact  due  to  calendering  as  well  as  enhanced  Li-ion  diffusion  paths 
due  to  laser-induced  enhanced  porosity  and  improved  electrode 
wetting.  Finally,  laser-printing  as  well  as  laser  structuring  can  be 
performed  on  small  footprint  areas  and  with  high  processing  speeds. 
Therefore,  these  processes  might  be  suitable  for  manufacturing  of 
complete  solid-state  3D  microbatteries  with  improved  cycling  per¬ 
formance  as  well  as  for  up-scaling  and  process  transfer  to  large  areal 
electrodes  as  required,  e.g.  for  pouch  cell  manufacturing  where 
calendering  techniques  and  proper  electrolyte  filling  are  essential 
manufacturing  steps. 
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